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SUMMARY

A number of flights have been made at low altitude over a route in the
U.K. which included legs flown over land, and over the sea at three and
fifteen miles from the coast. Counting accelerometer records have been
analysed and the turbulence encountered on the three legs compared. A
brief analysis is made of the effect of wind on the turbulence.
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1 INTRCODUE TION

A considerable amount of data exists showing the turbulence spectra at
low altitude over land, but over the sea the amount of data 1s more limited.
Present day operational roles often require naval aircraft to fly at low
altitude over the sea; in the case of land based aircraft this flying takes
place mainly close to the coast while carrier based aircraft fly mainly over
the open sea, The object of the present trials was to obtain information on
turbulence for lifiing such aircraft, in particular, to distinguish between
flying close to the coast and further out to sea, and to relate turbulence

over the sea to the better known turbulence over the land,

The trials consisted of a number of flights made between August 1966
and April 1967, in which a Canberra aircraft was flown over a route in the
U.K, which included a land leg and two legs over the sea at distances of
three and fifteen miles from the coast, The two sea legs were considered to

be representative of flight over coastal waters and the open sea,

The normal accelerations encountered along each leg were recorded on a
counting accelerometer mounted near the aircraf't cg and the readings were
converted to equivalent gust velocities using the discrete gust analysis,
Results are presented showing the average gust frequencies over land and sea,
and the effeet of wind speed on turbulence intensity; the effect of wind

direction is also considered for the two legs flown over the sea,

2 DETAILS OF ROUTES

The basic route used on each flight and the order in which the legs
were generally flown is shown in Fig,1., It was sometimes necessary to vary
the precise starting and finishing points for each leg and also the order in
which the legs were flown due to poor visibility over part of the route or
air traffic restrictions prevailing at the time of the flight. Newvertheless
the general procedure was to fly the first sea leg starting from a point near
Skegness and finishing at Newbiggen by the sea, just north of Newcastle,
keeping an average distance of three miles off the coast all the wagy. The
second leg was flown over land commencing at a point near Hexham, approxi-
mately fifty miles west of Newcastle and, after passing close to Harrogate
and Scunthorpe finishing at the coast near Skegness, The first part of the
land leg was over the Pennines where the ground rose t¢ a maximum height of
about 2200 feet above sea level and ended over the flat terrain of

Lincolnshire, On the final sea leg, the aircraft was flown in a northerly
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direction from a point abeam Skegness keeping an average distance of fifteen
miles from the coast. The aim was to cover as much distance as possible on
the last leg finishing in the vicinity of Middlesbrough but in fact the length
of the run was generally determined by the pilot who decided on the finishing
point after estimating the amount of fuel required for the return flight to

base,

For reasons mentioned earlier, the distances covered in each leg of each
flight were not constant but were of the order of 170 miles for the leg flown
three miles out to sea; 180 miles for the land leg and 120 miles for the final

sea leg,

3 INSTRUMENTATION, MEASUREMENTS AND FLIGHT TECHNIQUES

The aircraft used in the trials was a standard Canberra B6., A counting
accelerometer, consisting of a R,A.E, Observer Unit Type Structures 5 and a
modified Accelerometer Type Structures 4, was installed on a platform in the
bomb bay (the accelerometer was positioned near the cg of the aircraft) to
record the number of normal accelerations experienced during the runs. Details

of the aircraf't and counting accelerometer are given in Appendix A,

Measurements of drift and ground speed were read by the flight observer
from the dials of the Green Satin Doppler equipment at intervals throughout
the f1ight, The signals tended to oscillate with the Dutch roll of the air-
craf't and the readings taken were a mean value estimated by eye by the
observer. The readings were converted to winds using a navigator's Dead
Reckoning Computer as the original readings did not justify a more accurate
method,

Wind readings from a number of ground meteorological stations located
around the route were also obtained., The positions of the reporting stations
are included in Fig.1. Hourly readings were obtained from each station with

the exception of Kilnsea where the readings were taken every three hours,

The observer unit counters were switched on at the beginning and off at
the end of each leg so that the loads caused by the aircraft manceuvring

between legs were not included.

The flights were made at irregular intervals during the period of the
trial and no particular weather or wind conditions were favoured, On a few
occasions, af'ter flying the first leg over the sea, it was found impossible to
start or to complete the land leg due to bad visibility. These partially com-
pleted flights are not included in the results.



The aircraft was flown at an average height of 200 feet on the sea legs
and approximately the same height above the ground during the land leg, The
pilots were instructed to fly normally and not to make an attempt to follow
the ground contours too closely, For the first quarter of the trial the
aircraft was flown at a speed of 300 knots but, due to a-low altitude flight
safety restriction put on the aircraft when flying with ummodified ejection
seats, the remainder of the flights were made at a speed of 250 knots,

L DATA AND THEIR ANALYSIS

The data analysed represent the results from twenty eight flights during
which measurements were taken on each of the three legs, The total recording

time and distance covered on each of the legs were as follows:=

Leg Duration Distance
hr min Statute mile
Land 14 50 L5931
Sea 3 mile 15 Lo L7781
Sea 15 mile 10 08 2105

The counting accelerometer installed near the aircraft cg gave
information on the number of times each acceleration level had been exceeded
during each 2 minute interval of each leg, together with the aircraft's
altitude and airspeed at the end of each interval, The all up weight of the
aircraft was interpolated from the flight observer's readings of the fuel
state taken at intervals during the flight, The overall variation in AUW
during the periods of recording throughout the trial was between 41500 and
31500 1b, Using the information obtained from the counting accelerometer,
together with aircraft characteristics and appropriate weight, the number of
equivalent vertical gusts of various magnitudes encountered during the whole
of each leg was obtained using the discrete gust procedure deseribed by

Zbrozek1.

The counting accelerometer recorded the number of occurrences of
acceleration which exceeded 9 positive and 9 negative levels, In view of the
comparatively light turbulence expected over the sea, especially on the leg
flown at fifteen miles from the coast 1t was decided to increase the number
of counting levels at the lower values of acceleration by halving the width
of the normal interval between the levels at which counts were made, By this

means a better measure of the distribution of gusts occurring at the lower



gust speeds was obtained at the expense of not recording the peak values of

acceleration which occurred on the few very rough flights encountered,

The readings of the Green Satin Doppler equipment, which were used to
obtain the aircraft winds, were taken at approximately 10 minute intervals
along the route, These were compared with the winds obtained from the ground
stations for the appropriate times and places, As might be expected, owing
to the greater height above ground, the aircraft measured winds were generally
slightly stronger than the winds from the ground stations. The accuracy of the
aircraf't wind readings are probably not greater than 5%, owing to the
necessity for the flight observer to take a mean reading of drift and ground
speed due to the fluctuations of the aireraft, With the considerable dis-
tance covered during each leg there was often a noticeable change in the
wind speed and direction along the leg but for comparative purposes a mean wind
has been chosen for each leg biased slightly towards the higher aircraft wind
readings,

5 RESULTS

The numbers of equivalent gusts recorded on each leg of each flight are
listed in Table 1. The average mumber of gusts per mile are alsoc given
together with relevant information which includes details on the distance

flown and the average wind speed and direction applicable to each leg,

Table 2 shows the total numbers of equivalent gusts encountered for each
of the three types of leg, i.e, land, over the sea at three and fifteen miles
from the coast. The average number of gusts per mile for the three categories
are also given in the table and are shown graphically in Fig,2, The figure
indicates that over both the sea legs, up and down gusts exist in approxi-
mately equal numbers., Over land, it appeared that more up than down gusts
were encountered but it is probable that the accelerations, from which the
gusts were deduced, included a contribution from a number of small manoeuvring
loads and, being near to the ground, the pilot manceuvres more readily upwards

than downwards.,

The most significant point arising from the results is the difference in
the number of gust occurrences at all levels between the three leg classifica-
tions., The average number of gusts per mile, either up or down, exceeding
10 ft/sec, over land is 1*13 and over the sea it is 0*30 and 0°045 at distances
of three and fifteen miles from the coast respectively. The ratios between the
number of gusts/mile encountered on the land leg and on each of the sea legs at
the same 10 ft/sec gust level are 375 and 24'5 respectively.



Hea.‘th—-Smith2 from low altitude flights with 2 Hunter at less than
500 feet, with windy conditions favoured, found that 8°*3 times as many gusts
of 10 ft/sec or greater were encountered over land as over the sea, The sea
leg in this case consisted of a direct out and return flight from the coast
to a point approximately thirty-two miles off shore, In the Swifter trialsj,
carried out in North Africa, the ratio between the average of all fiying over
the land at a height of 200 feet and the average of all the flying over the
sea at 200 feet for the same gust level of 10 ft/sec gave a figure of 16°6,
In this trial again the sea leg started and finished at the coast, the aircraft
turning at a point approximately forty miles out to sea., These ratios lie, as
might be expected in view of their mixture of coastal and out to sea flying
between the two ratios found in the present trial,

By plotting the number of occurrences of up or down gusts/mile exceeding
10 ft/sec against average wind velocity along the leg, an attempt has been
made to examine the relationship between turbulence intensity and wind speed
for the three types of leg classification, The results from the sea legs have
been subdivided according to the wind direction by separating the off-shore
from the other winds. The average line formed by the coast in the region
where the flying took place was approximately 150/330°, Off-shore winds have
been classified as those within the sector 170° to 310°, Winds from a direc-
tion within 20° of the mean aircraft track have not been included with the

off-shore winds in view of the smallness of their off-shore component,

From Fig.3 it can be seen that, for the leg flown at three miles from
the coast, the wind direction has a marked effect on the intensity of turbu-
lence at the higher wind speeds. Off'-shore winds produced an increase in
turbulence with wind speed but other winds had a much smaller effect on the

turbulence intensity.

When flying at fifteen miles from the coast, Fig.,4 indicates that the
intensity of turbulence does not appear dependent on the wind direction but

again there is an increase in intensity at the higher wind speeds,

Fig,5 shows a more positive relationship between turbulence and wind
speed when flying over land., This relationship was also found in earlier
Canberra trialsh during low altitude fiights over land,

6 CONCLUSIONS

Measurements of atmospheric turbulence have been made during flight at

low altitude over land and sea,



Over the land, the number of vertical gusts exceeding 10 ft/sec
encountered per mile was 1*13, Over the sea, at three and fifteen miles from
the coast, the number of gusts encountered were reduced by factors of 3+75 and

2l *5 respectively,

Wind speed appeared to be & significant factor in producing turbulence
over the land but over the sea high wind speeds did not always produce an
increase in the intensity of turbulence, For the leg flown at three miles
from the coast the direction of the wind was an important factor, winds with a
significant off=shore component were found to produce significantly more
turbulence than other winds at the higher values of wind speeds, Wind direec-
tion was not found to be a significant factor on the leg flown at fifteen miles

from the coast,
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Table 1

GUST OCCURRENCES OVER LAND AND SEA

Mean Mean wind Number of vertiocal gusts greater than v and gusts per mils
Flight/ Airspeed | Duration | Distance H_M.wm distence _ Gust velocity v ft/s eas (+ up - down)
run Date kt ias min mile aog |Off cosst | Direction | Speed
number mile deg. knot | 447¢5 [ ~15¢0 | =125 | -100{ =7°5| =5°0 | =3'75||3*75| 5°0 | 7°5 | 10:0} 12:5) 15°0| 17°5
3461 L, 8,66 300 296 173+6 Sea 3 270 20 I 10 Wy | 165 | 606 1028 || 1008 | 596 | 179 52 14 5 2
0023 | 0°058 | 0*25 | 0°95 | 3-49 592 |1 581 | 3°43 {1°03 | 0+30 | 0+081 | 0+029 | 0-011
3462 " " 353 2009 Land 270 20 L 14 45 144 37h | 1019 1452 | | 1488 | 1090 | 483 200 85 L4 17
0020 |0-070| 0*22 |[0°72 | 1+86 | 5:07 723 || 7°44 | 543 |2°40 | 1°00 | 042 |[0°20 [0+085
3543 " " 251 1483 | Sea 15 270 20 6 49 263 602 [{ 62| 269 53 10
0+040 ) 033 |1°77 Le06 || 3279 181 |0+36 | 0°067
371 10, 8.66 " 2646 1558 Sea 3 225 28 8 19 40 104 256 668 93k 929 | 671 | 2% 115 48 21 9
0051 {0°12 [ 026 | 067 | 164 |4°29 600 (|59 | 431 |1°87 | O*7 [0*31 |0+13 | 0-058
372 " " 3202 18346 Land 250 30 2% | 59 131 257 479 | 1009 1296 11338 | 1048 | 577 282 142 75 26
) 0*14 [0-32 | O*71 [1°40 | 261 | 550 7°06 [ 7229 571 |3°44 j1-54 {077 |0-41 |04
373 " " 237 137°3 Sea 15 220 28 ‘ 1 5 18 116 265 260 119 25 5 1
0+007 | 0036 | 013 | 084 193] 189 | 087 |0-18 | 0+036 | 0°007
34,81 15, 8.66 1" 30k ._ﬂm.r. Ses 3 010 g 2 % 109 85 17
0+011 | 0°20 062 || 0°48| 0°09%
8.2 " " -2 1783 Land 030 10 3 9 34 145 499 784 77| B33 | 217 Th 22 6 1
0*017 | 0°050 [ 019 | 0°81 | 280 LeyO |l 4r3h | 2999 (1922 | O°41 | 0*12 | 0°034 [ 0°006
3483 " " 250 1404 Sea 15 010 9 1 18 57 48 15
) 0+007 | 0*12 040 ] 0°233]| 0-10
391 |22, 8,66 " 341 1793 Sea 3 030 16 L 66 212 181 62 L
0+022 | 037 1418 || 1-04 | 035 |0-022
349+2 " " 3°8 1828 Land 010 15 2 6 27 103 397 685 6| 470 | 164 60 18 3
0+011 | 0°033 | 045 | 056 | 2:17 3+75{) 408 | 257 {088 | 0*33 | 0<098 | 0°016
349°3 " " 233 1340 Sea 15 030 16 1 5 5h 14, 95 32 2 1
0007 | 0°037 | 0°40 1+07|] 071 | 0°24 | 0°015| 0-007
3501 |23, 8,66 " 28+5 16446 Sea 3 010 16 1 6 70 187 175 61 2
0+006 | 0°036 | O°43 144 || 106 ] 037 {0°012
350-2 " " 6°5 377 Sea 15 360 11 5 21 29 6
0+13 0*551| 077 | 016
3503 " " 29+6 17343 Land 355 13 ' 3 19 78 291 539 628| 386 | 120 3 7 3 1
| 00171011 | 045 |1+68 3411 || 3+62 | 2°23 | 069 | 0°20 |0-040 | 0*017 | 0°006
3511 | 13. 9.66 " 29+0 1671 Sea 3 285 26 1 1 71 27 Iz 310 529 543 327 99 32 4 1 1
0006 | 0°006 | 0,02 |0*16 | O-46 |1°85 3¢97|| 3°25]1 1496 | 0°59 | 0°19 | 0+024} 0-006 | 0+006
3512 " " 2943 169+8 Land 300 32 8 27 72 1183 420 873 1163 || 1251 | 998 | 541 265 108 52 26
0*Q47 1016 |0+42 |1°+08 | 2°48 | 514 6°85|| 7°371 588 | 3+18 | 1+56 | 0*64 [0+*31 | 0+15
354°3 " " 270 156+9 Sea 15 270 25 1 1 8 5 123 128 54 12 1
. _ 0*006 | 0*006 | 0°061 | O+ 34 0+78 1] 0+82 | 034 | 0*077] 0°006
352¢1 |15, 9.66 " 3041 17 Sea 3 345 32 1 0 2 13 46 134 531 758 823| 539 | 186 5 11 3
0+006 |0°014 | 0078 [ 0°26 | 077 | 3°05 459 (| 4+73] 310 [1°07 | 029 | 0063 | 0°017
3522 " " 301 173*7 | Land 350 30 7 32 60 | 458 386 886 1230 |1 1286 | 998 | 476 195 77 34 14
0+040 (049 | 0*35 [0+91 | 222 | 510 7°08 1| 7244 | 575 {274 | 1-42 |O-44 | 0°20 [ 0°084
35243 " " 111 643 | Sea 15 330 30 1 1 2 | 10 53 181 326 1| 334 | 202 52 9 3 1
0016 [0*016 | 0*031 {0+16 | 083 | 2-82 506 {| 5°20] 3*15 {081 | O*14 |0*Q47 | 0-016
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Table 1 (Contd.)

Mean Moan Number of vertiocal gusts greater than v and gusts per mile
Flight/ Airspeed | Duration | Distance Land distance Gust velooity v ft/s eas (+ up - down)
bMMMmu Date kt ias min mile mMM off coast| Direction | Speed s U °
miie deg. | Mot| 47.5] t500| w12:5[~10-0] =75 -5:0 [-3-75 [} 375 50| 75 [ 10:0] 12:5] 150 175
3631 6.12,66 250 351 17143 | Ses 3 280 12 2 M| 193 | 378 308 155 | 3L 7 1
0012 | 0*064. | 024 1493 [2+21 1+80 | 0°90 |{0°20 | 0-041 | 0*006
3632 " " 362 180+2 | Land 295 10 10 2 5 281 9% 388 | 657 628 365 | 107 32 10 3
0+006 }10+011 | 0°028 | 016 | 0*52 2415 | 3.6 349 2°03 |0+59 | 0*18 | 0*056 | 0017
36343 " " 156 76°8 | Sea 15 300 12 ! 2 22 | 88 61 18 1
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Table 2

GUSTS ENCOUNTERED DURING ALL FLYING OVER LAND AND SEA

Number of vertical gusts greater than v and gusts per mile

Recorded | Distance
Leg time statute Gust velocity v f£t/s eas (+ up - down)
min mile

-17°5 =150 | -12*5 -10+0 -7*'51{ =50 =375 375 f 50 75 10+0 12+5 150 17*5

Land 8904 45508 165 383 907 2289 Sha m 14701 29251 24224 | 15161 6702 2907 1193 575 266
0+03% 0+083 Q20 050 .__.._m_ 3+20 463 L+62 330 146 063 0+26 0413 0+058

Sea 3 miles 9397 L7808 L2 96 L5 689 mo.}, 7139 13004 12286 6706 2166 47 273 113 Ko
Q009 0+020 0+051 014 O.__._.m 149 272 2+h7 140 0<L5 | 0+16 G057 0-024 {0010

Sea 15 miles 6082 31048 4 2 14 58 w6 | 24,58 5419 5320 2486 470 84 15 2 1
00003 0°*0006 | 00045 0-019 O.._u 079 175 171 0-80 0+15 o027 0+0048 0+0006 |0=0003

|

L L
'
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